Nonalcoholic fatty liver disease (NAFLD) prevails in obesity and is linked to several health complications including dyslipidemia and atherosclerosis. How exactly NAFLD induces atherogenic dyslipidemia to promote cardiovascular diseases is still elusive. Here, we identify Tsukushi (TSK) as a hepatokine induced in response to NAFLD. We show that both endoplasmic reticulum stress and inflammation promote the expression and release of TSK in mice. In humans, hepatic TSK expression is also associated with steatosis, and its circulating levels are markedly increased in patients suffering from acetaminophen-induced acute liver failure (ALF), a condition linked to severe hepatic inflammation. In these patients, elevated blood TSK levels were associated with decreased transplant-free survival at hospital discharge, suggesting that TSK could have a prognostic significance. Gain-and loss-of-function studies in mice revealed that TSK impacts systemic cholesterol homeostasis. TSK reduces circulating HDL cholesterol, lowers cholesterol efflux capacity, and decreases cholesterol-to-bile acid conversion in the liver. Our data identify the hepatokine TSK as a blood biomarker of liver stress that could link NAFLD to the development of atherogenic dyslipidemia and atherosclerosis.
Introduction
Obesity has reached epidemic proportions worldwide (1) (2) (3) . Excessive accumulation of white adipose tissue, especially in the abdominal cavity, is a major risk factor for several diseases including type 2 diabetes, insulin resistance, dyslipidemias, hypertension, and cardiovascular diseases (4, 5) . Abdominal obesity is also tightly linked to the development of nonalcoholic fatty liver disease (NAFLD), a wide spectrum of liver conditions that ranges from simple steatosis to nonalcoholic steatohepatitis (NASH), a disease characterized by hepatic inflammation and fibrosis that can progress to cirrhosis and hepatocellular carcinoma (6, 7) . NAFLD is one of the most important causes of liver disease worldwide, and its prevalence is constantly rising (8, 9) .
In addition to its direct impact on liver health, NAFLD is suspected to play an active role in the development of obesity-related metabolic disorders. Links between NAFLD and dyslipidemias, glucose intolerance, insulin resistance, type 2 diabetes, and cardiovascular diseases have been reported (10) (11) (12) (13) (14) .
Nonalcoholic fatty liver disease (NAFLD) prevails in obesity and is linked to several health complications including dyslipidemia and atherosclerosis. How exactly NAFLD induces atherogenic dyslipidemia to promote cardiovascular diseases is still elusive. Here, we identify Tsukushi (TSK) as a hepatokine induced in response to NAFLD. We show that both endoplasmic reticulum stress and inflammation promote the expression and release of TSK in mice. In humans, hepatic TSK expression is also associated with steatosis, and its circulating levels are markedly increased in patients suffering from acetaminophen-induced acute liver failure (ALF), a condition linked to severe hepatic inflammation. In these patients, elevated blood TSK levels were associated with decreased transplant-free survival at hospital discharge, suggesting that TSK could have a prognostic significance. Gain-and loss-of-function studies in mice revealed that TSK impacts systemic cholesterol homeostasis. TSK reduces circulating HDL cholesterol, lowers cholesterol efflux capacity, and decreases cholesterol-to-bile acid conversion in the liver. Our data identify the hepatokine TSK as a blood biomarker of liver stress that could link NAFLD to the development of atherogenic dyslipidemia and atherosclerosis.
Results

TSK is a hepatokine induced by obesity.
In order to identify secreted factors primarily produced by the liver whose expression is deregulated in obesity, we have implemented a simple analytical platform using BioGPS (http://biogps.org), a centralized gene-annotation portal that enables researchers to access distributed gene annotation resources (31, 32) . BioGPS hosts a reference plugin that displays gene expression patterns from more than 90 mouse tissues and cell types (33) . These microarray data, available through NCBI's Gene Expression Omnibus (GEO accession number GSE10246), can be used to compare the expression profile of any given gene between a broad panel of tissues. To establish a list of liver-specific genes, we first interrogated the database to extract all the genes showing an expression pattern correlating with the albumin-encoding gene, which is selectively expressed in hepatocytes ( Figure 1A ). The correlation cutoff was arbitrarily fixed at 0.80. This led to the identification of 306 liver-specific genes (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.129492DS1), including several established hepatokines. All the genes were then scored to sort out the best candidates. Because we were interested in secreted proteins, priority was given to genes coding for proteins with a secretory signal peptide. Conserved proteins with uncharacterized relation to obesity were also prioritized. This analysis led to the identification of 17 high-priority candidates (Supplemental Table 2 ). To identify which of these genes are affected by obesity, we next measured their expression in the liver of lean and obese (db/db) mice by quantitative PCR (qPCR). Of the 17 candidates, 7 were differentially expressed between lean and obese mice, namely Cpn1, Gdf2, Habp2, Inhbc, Mia2, Tsk, and Vwce (Supplemental Figure 1A) .
Tsk is one candidate gene that caught our attention. As shown in Figure 1B , its expression is specifically elevated in mouse liver. Our analysis revealed that hepatic Tsk was the candidate gene showing the greatest difference in relative expression between lean and obese mice (Supplemental Figure 1A) . Specifically, Tsk expression was induced more than 8 times in the liver of db/db mice ( Figure 1C ). Following up on this finding, we found that Tsk expression was also significantly increased in the liver of other obese mouse models such as ob/ob mice and mice fed a high-fat diet (HFD) (Figure 1, D and E) . Of note, we observed that the elevation in Tsk expression was not as profound in HFD-fed mice compared with genetically obese mice, suggesting that the severity of obesity may be an important factor in the regulation of Tsk expression (Supplemental Figure 1 , B-D). Despite these differences, our results identify Tsk as a gene primarily expressed in the liver whose expression is induced in response to obesity. The microarray data used in this panel are available through NCBI's Gene Expression Omnibus (accession number GSE10246). (C-E) qPCR analysis of Tsk transcript expression in the liver of (C) littermate control and db/db mice (n = 5-6/group) (10 weeks old), (D) littermate control and ob/ob mice (n = 4-5/group) (12 weeks old), and (E) LFD-and HFD-fed C57BL/6J mice (n = 10/group) (11-13 weeks old fed LFD or HFD for 10 weeks). Data represent the mean ± SEM. Significance was determined by 2-tailed, unpaired t test. *P < 0.05 versus controls. (F) Schematic representation of human and mouse TSK protein. (G) Western blot analysis of cell lysates and culture media of HEK 293T cells overexpressing human TSK. Cells were plated the day before and culture medium was changed at time 0. Cells were lysed and culture medium was collected at the indicated times. AKT was used as a loading control. (H) Western blot analysis of cell lysates and culture media of HEK 293T cells overexpressing human TSK or a mutated form lacking the signal peptide (Δ-TSK). Samples were processed as described in G. (I and J) Western blot analysis of (I) tissues samples or (J) plasma collected from C57BL/6J mice injected with AAV8-GFP or AAV8-TSK. Mice were sacrificed 4 weeks following AAV8 injection. (K and L) Western blot analysis of plasma TSK levels in (K) control and db/db mice and (L) control and ob/ob mice. Representative samples are shown.
TSK is a secreted protein enriched in the plasma of severely obese mice. TSK is a protein that carries an N-terminal signal peptide and 10 leucine-rich repeat (LRR) domains in its central region ( Figure 1F ). This protein is conserved throughout evolution, with homologs found from human to zebrafish (Supplemental Figure 1E) . TSK is an atypical member of the small leucine-rich proteoglycan (SLRP) family, a group of 18 proteins that bind to components of the extracellular matrix to modulate the action of several signaling pathways (34) . TSK was shown to control developmental processes by modulating bone morphogenetic protein (BMP) (35) (36) (37) (38) , Wnt (39), FGF (37) , and TGF-β signaling pathways (40, 41) .
The presence of a signal peptide in the N-terminal section of TSK indicates that the protein may be secreted. Studies performed in chick and Xenopus support this possibility (35, 36, 38) . To directly test whether mammalian TSK is also secreted, TSK was overexpressed in HEK 293T cells and culture medium was collected for Western blot analysis ( Figure 1G ). TSK was detected in the culture media of overexpressing cells, thus confirming the secreted nature of the protein. Mutated TSK lacking the signal peptide (Δ-TSK) could not be secreted in the same system, indicating the importance of this domain for the release of the protein in the extracellular compartment ( Figure 1H ). To directly test the ability of the liver to secrete TSK in vivo, mice were infected with adeno-associated virus serotype 8 (AAV8) coding for either a control green fluorescent protein (GFP) or full-length TSK. As expected, we detected high expression of TSK in the liver of mice injected with AAV8-TSK ( Figure 1I and Supplemental Figure 1F ). Importantly, we also found high levels of the protein in the plasma, thus confirming the ability of the liver to produce and secrete TSK in the circulation ( Figure 1J ).
As discussed above, Tsk is highly expressed in the liver and its expression is induced in obese mice. To determine whether such increase translates into a rise in circulating TSK, plasma collected from lean and obese mice was analyzed by Western blotting. Circulating TSK levels were barely detectable in lean animals but were high in genetically obese mice ( Figure 1 , K and L). Despite those striking results observed in severely obese mice, TSK could not be detected in the plasma of HFD-fed animals (data not shown). As shown above, the rise in hepatic Tsk expression was less severe in HFD-fed mice compared with genetically obese animals ( Figure 1 , C-E), suggesting that a certain threshold of hepatic TSK production may have to be reached to allow the detection of the protein in the blood using our antibody. Nevertheless, we can conclude from these results that TSK is a secreted protein that circulates at high levels in severely obese animals.
Hepatic Tsk expression correlates with NAFLD in multiple mouse models. NAFLD is a condition that prevails in obesity (9) . To define whether NAFLD impacts Tsk expression, hepatic triglyceride levels were measured in lean and obese mice and correlations with Tsk mRNA were calculated. As shown in Figure 2 , A-C, we observed a strong positive relationship between liver triglyceride content and Tsk expression in all the models tested, suggesting a prominent role of liver fat accumulation in promoting Tsk expression.
We next examined whether NAFLD per se could, independently of obesity, promote Tsk expression and secretion. Two different approaches were used to test this hypothesis. We first fed mice a methionineand choline-deficient (MCD) diet for 21 days. This approach induced liver steatosis despite significant weight loss (Figure 2 , D and E). As observed in obese mice, we found an elevation in both hepatic Tsk expression and circulating TSK levels in mice fed the MCD diet (Figure 2 , F and G). A positive correlation was also observed between liver triglycerides and Tsk mRNA ( Figure 2H ). Interestingly, switching back MCD diet-fed mice to a normal diet for 3, 6, or 12 days was sufficient to reverse steatosis and normalize hepatic Tsk expression and secretion (Figure 2 , I-L). Again, a positive link between liver triglycerides and Tsk mRNA was found in this experiment (Supplemental Figure 2A) . In a second approach, mice were treated with the synthetic liver X receptor (LXR) agonist T0901317 for 4 days to induce acute liver steatosis without weight gain, as shown previously (42) . In this model, we also found a clear positive association between liver triglycerides and Tsk expression (Supplemental Figure 2 , B-D). These results indicate that NAFLD, independently of obesity, promotes hepatic Tsk expression and secretion.
Recently, Wang et al. reported that hepatic Tsk expression and secretion are highly induced in response to cold exposure and injection with the β3 adrenergic receptor agonist CL316243 (43) . These observations were confirmed here ( Figure 2M ). It is well known that cold and CL316243 strongly stimulate lipolysis in adipose tissue in order to support thermogenesis (44) . As expected from these results, we measured a significant increase in circulating nonesterified free fatty acids (NEFAs) (Supplemental Figure 2E ) and hepatic triglycerides ( Figure 2N ) in response to cold and CL316243. As for all the other mouse models described above, a positive correlation between liver triglycerides and Tsk expression was observed, suggesting that hepatic lipid deposition plays a prominent role in promoting Tsk transcription in response to β3 adrenergic receptor stimulation ( Figure 2O) .
ER stress and inflammation promote Tsk transcription and release. Hepatic steatosis is often accompanied by ER stress and inflammation (45, 46) . To ascertain whether these biological processes participate in the control (M) qPCR analysis of Tsk expression in the liver of male mice housed at thermoneutrality (30°C) or exposed to cold (10°C) for 6 hours (n = 6/ group) (left part) or in mice injected with saline (vehicle) or CL316243 (0.1 mg/kg) for 4 hours (n = 6/group) (right panel). In these experiments, male mice (10-12 weeks old) were used. (N) Hepatic triglyceride content in the experiment described in M. (O) Correlation calculated between Tsk transcript levels and hepatic triglyceride content in control mice and mice exposed to cold or injected with CL316243 as described in M (n = 24). In all panels, data represent the mean ± SEM. In A-F, M, and N significance was determined by 2-tailed, unpaired t test. *P < 0.05 versus controls. Pearson correlations (2-tailed) were calculated in A-C, H, and O. In D, 2-way ANOVA with Sidak's multiple-comparisons test was performed. *P < 0.05 versus control. In J and K, 1-way ANOVA with Tukey's multiple-comparisons test was performed. *P < 0.05 versus control. of Tsk expression, a series of experiments were conducted. First, to determine whether ER stress plays a role in regulating Tsk expression, 78-kDa glucose-regulated protein (Grp78) expression was measured in the liver of severely obese mice as a marker of the unfolded protein response (UPR), a signaling cascade activated by ER stress (47) . Grp78 mRNA expression was significantly increased in the liver of obese mice (Supplemental Figure 3A) . In these animals, we observed a strong positive association between Grp78 and Tsk expression (Supplemental Figure 3B ). Elevated GRP78 levels were also measured in the liver of MCD diet-fed mice (Supplemental Figure 3C ). To directly test the impact of ER stress on Tsk transcription, AML12 hepatocytes were treated with escalating doses of tunicamycin, a nucleoside antibiotic that blocks N-linked glycosylation and induces severe ER stress. We found that tunicamycin acutely increased Tsk expression in a dose-dependent manner ( Figure 3A ). The same effect was observed in the liver of mice acutely injected with tunicamycin ( Figure 3B ). Further supporting the role of the UPR in the regulation of Tsk expression, we found that the ER-stress-mediated increase in Tsk transcription was reduced upon inhibition of endoribonuclease/protein kinase IRE1-like protein (IRE1A) and protein kinase RNA-like endoplasmic reticulum kinase (PERK), two major effectors of the UPR ( Figure 3C ).
We next tested the contribution of inflammation to the regulation of hepatic Tsk expression. Elevated levels of proinflammatory cytokines were found in the liver of all the NAFLD mouse models tested (Supplemental Figure 3 , D-G). To define the direct impact of inflammation on Tsk transcription, AML12 cells were treated with a cocktail of proinflammatory cytokines. Strikingly, we found that cytokines significantly increased Tsk expression ( Figure 3D and Supplemental Figure 3H ). We next used carbon tetrachloride (CCl 4 ) to induce an acute liver injury and hepatic inflammation in mice. A single dose of CCl 4 caused severe inflammation in the mice ( Figure 3E ). This increase was associated with elevated hepatic Tsk expression and high circulating TSK levels (Figure 3 , F and G). We also found that lipopolysaccharide (LPS), a component of gram-negative bacteria with potent proinflammatory properties, increased circulating TSK levels in mice (Supplemental Figure 3I ). These results indicate that inflammation drives Tsk expression. Altogether, our observations support the idea that lipid flux to the liver, ER stress, and inflammation probably play complementary roles in promoting Tsk expression in NAFLD.
TSK levels are increased in response to steatosis and liver damage in humans. Because Tsk expression was increased in response to NAFLD in mice, we next asked whether this was also observed in humans. Liver samples were collected from a cohort of obese patients undergoing bariatric surgery (n = 58). Triglycerides were extracted and patients were distributed into 2 groups based on the median liver triglyceride content ( Figure 4 , A and B). Interestingly, we found that TSK expression was significantly higher in patients with elevated hepatic triglycerides ( Figure 4C ), thus confirming that TSK expression is linked to NAFLD not only in mice but also in humans. In these samples, we found a significant association between inflammatory markers and TSK expression, reinforcing the possible role of inflammation in promoting TSK expression in humans (Supplemental Figure 4 , A and B). As described above in HFD-fed mice, circulating TSK levels remained under the detection limit of our method in this human cohort (data not shown).
In order to demonstrate that TSK circulates at high levels in the presence of severe inflammation and hepatic ER stress in humans, we utilized samples collected from patients suffering from acetaminophen-induced ALF, a condition known to cause inflammation, impair ER function, and promote UPR activation (48, 49) . Blood samples were collected from ALF patients rapidly after their admission to the intensive care unit and over the days following their admission (Supplemental Figure 4C ). As shown in Figure 4 , D and E, plasma TSK levels were markedly elevated in many patients tested upon admission (10 out of 26). In every case, plasma TSK levels went down at later time points. Interestingly, we observed that elevated TSK levels in serum were associated with decreased transplant-free survival at hospital discharge. As shown in Figure 4F , TSK was detected in serum samples of 87.5% of the patients (7 of 8) that either died or received a liver transplant versus only 16.6% of the patients that survived (3 of 18). Consistently, TSK protein levels were significantly higher in patients that died or received a liver transplant compared with the survivors ( Figure 4G ). Altogether, these results indicate that TSK is a hepatokine that circulates at high levels in response to severe hepatic stress, both in mice and humans, and that serum TSK might have prognostic significance in patients with ALF.
Modulating TSK expression does not affect NAFLD development. To define the functions of TSK in vivo, we injected mice with AAV8-TSK to overexpress TSK in the liver and elevate its circulating levels ( Figure 1I , Figure 5 , A and B, and Supplemental Figure 5A ). Mice overexpressing TSK did not show visible physiological differences compared to control mice (Supplemental Figure 5B) . Fasting glucose and insulin levels were not different between controls and AAV8-TSK-injected mice (Supplemental Figure 5 , C and D).
We next looked at the liver histology and composition to define whether TSK could directly affect NAFLD development. As shown in Figure 5C , we found no evidence of steatosis in AAV8-TSK mice. Supporting these observations, the biochemical composition of the liver (water, triglyceride, protein, and glycogen) did not differ between the groups ( Figure 5D ). Gene expression analyses revealed that TSK did not promote inflammation, ER stress, and fibrosis ( Figure 5E ). Altogether, these results indicate that TSK per se does not promote NAFLD development in mice.
Studies were next performed with TSK-knockout (TSK-KO) mice ( Figure 5 , F-H). Because TSK levels are elevated in response to obesity and steatosis, experiments with TSK-KO mice were first performed in both lean and obese mice. TSK-null animals were smaller compared with wild-type littermates (Supplemental Figure 5E ). This phenotype was reported previously and is consistent with the established role of TSK in regulating development in mice (50, 51) . No differences in body weight gain were found between wild-type and TSK-null mice exposed to HFD (Supplemental Figure 5F ). Consistently, we found no major differences in organ weight between wild-type and TSK-KO mice (Supplemental Figure 5G) . As observed in mice overexpressing TSK, fasting glucose and insulin were not different between wildtype and TSK-null mice (Supplemental Figure 5 , H and I). TSK loss did not affect liver fat accumulation ( Figure 5I ). The biochemical composition of the liver (water, triglyceride, protein, and glycogen) did not differ between the groups ( Figure 5J ). We observed mild signs of UPR activation in the liver of TSK-null mice but no impact on inflammation and fibrosis ( Figure 5K ). Additional studies performed using TSK wild-type and -KO mice bred to the ob/ob background also failed to show a major impact of TSK loss on the severity and the progression of NAFLD (Supplemental Figure 5 , J-L).
As described above, the rises in hepatic Tsk expression and circulating TSK were prominent in MCD diet-fed mice (Figure 2, G and L) . In order to determine whether TSK loss could affect NAFLD severity in this model, wild-type and TSK-KO mice were fed an MCD diet. Confirming previous observations, MCD diet increased circulating TSK levels in wild-type animals (Supplemental Figure 5M) . As shown in Supplemental Figure 5N , we found that wild-type and TSK-KO mice lost the same amount of weight in response to MCD diet. No differences in organ weight were found between the genotypes (Supplemental Figure 5O) . Importantly, the loss of TSK did not affect hepatic triglyceride content (Supplemental Figure 5 , P and Q). Moreover, we found no effect of TSK loss on the expression of genes regulating inflammation, fibrosis, and ER stress (Supplemental Figure 5R) , indicating that TSK loss does not affect the severity of NAFLD in animals fed an MCD diet. Studies were next performed to define whether the loss of TSK could affect liver recovery following a challenge with MCD diet. In this experiment, wild-type and TSK-null mice were fed an MCD diet for 21 days and were next switched back a normal diet for 6 days (Supplemental Figure 5S) . As shown in Supplemental Figure 5 , T and U, liver triglyceride content and proinflammatory gene expression were not significantly affected by the loss of TSK in this model. Altogether, these results indicate that TSK loss does not affect NAFLD severity and development in various mouse models.
TSK affects systemic cholesterol homeostasis. We next tested the possibility that TSK secretion may impact lipid homeostasis. Plasma triglycerides and NEFA levels were not affected by TSK overexpression (Supplemental Figure 6A ). However, we measured a significant decrease in circulating cholesterol levels in these mice ( Figure 6A ). We found that TSK mostly impacted HDL-cholesterol levels. Of note, the opposite phenotype was observed in TSK-null mice (Supplemental Figure 6B) . Supporting these findings, circulating levels of ApoA1, the primary apolipoprotein found in HDL, were reduced in AAV8-TSK but increased in TSK-null mice (Supplemental Figure 6, C and D) . Importantly, the impact of TSK on HDL cholesterol was reproduced in LDL receptor-KO (LDLR-KO) mice, indicating that TSK affects plasma cholesterol (G) Comparison of TSK levels at admission between patients that either died or received a liver transplant versus the patients that survived. In all panels, data are presented as the mean ± SEM. In A and B, *P < 0.05 vs. controls by 2-tailed, unpaired t test. In E, *P < 0.05 comparing TSK at admission vs. after admission by 2-tailed, paired t test. In F, *P < 0.05 vs. survivors by Fisher's exact test. In G, *P < 0.05 vs. survivors by 2-tailed, unpaired t test. insight.jci.org https://doi.org/10.1172/jci.insight.129492
independently of this receptor (Supplemental Figure 6E and Figure 6B ). Despite lower HDL cholesterol, we did not find changes in plasma ApoA1 concentration in response to TSK overexpression in this model, indicating that TSK reduces HDL cholesterol independently of ApoA1 modulation in LDLR-KO mice (Supplemental Figure 6F ). HDLs play a central role in reverse cholesterol transport, the critical process of cholesterol movement from the extrahepatic tissues back to the liver. To test whether TSK-mediated changes in HDL levels impact cholesterol efflux, J774 cells were loaded with radiolabeled cholesterol and efflux was measured in the presence of plasma collected from TSK-overexpressing or -KO mice. As shown in Figure 6C , cholesterol efflux was reduced when plasma from AAV8-TSK mice (C57BL6/J or LDLR KO) was used as the cholesterol acceptor. Conversely, a significant rise in cholesterol efflux was measured when plasma from TSK-null mice was used in the assay ( Figure 6D ). Altogether, these observations indicate that TSK reduces circulating HDL cholesterol, an effect that functionally impacts reverse cholesterol transport.
We next wanted to determine whether TSK affects cholesterol homeostasis by modulating key markers of cholesterol metabolism in the liver. To define how TSK acutely and chronically impacts cholesterol metabolism, mice were sacrificed at early and late time points following AAV8-TSK injection (5 vs. 28 days). AAV8-TSK-injected mice showed elevated plasma TSK levels a few days after injection (Supplemental Figure 6G) . We found that the reduction in total cholesterol, HDL cholesterol, and circulating ApoA1 was observed rapidly following the injection (Supplemental Figure 6H) . The expression of genes coding for proteins regulating hepatic cholesterol uptake and synthesis was measured. As shown in Figure 6E , the expression of scavenger receptor B1 (Srb1) and Ldlr, which mediate hepatic cholesterol uptake from HDL and LDL respectively, was reduced by TSK. Despite lower plasma ApoA1 in AAV8-TSK mice, hepatic mRNA expression of Apoa1 was increased in response to TSK, presumably as an attempt to compensate and restore homeostasis. Our analyses next revealed that in addition to reducing markers of cholesterol uptake by the liver, TSK reduced the expression of sterol regulatory element-binding transcription factor 1 (Srebf1) and Srebf2 and some of their target genes ( Figure 6E ). Altogether, these results indicate that acute TSK expression affects several processes to lower cholesterol flux to the liver. Interestingly, these changes were no longer observed in mice overexpressing TSK chronically for 28 days, even though these animals still showed lower liver cholesterol content, plasma HDL cholesterol, and ApoA1 levels ( Figure 6E and Supplemental Figure 6I ). ) mice (n = 10-13/group). (E and F) qPCR analyses of the liver of male mice sacrificed after either 5 days (left) or 28 days (right) (n = 12/group) following injection with AAV8-GFP or AAV8-TSK. (G and H) Bile acid (BA) profiling in (G) the liver and (H) the plasma of mice sacrificed 28 days (n = 6-8/group) following injection with AAV8-GFP or AAV8-TSK. Values are log transformed. In all panels, data are presented as the mean ± SEM. Significance was determined by 2-tailed, unpaired t test. *P < 0.05 versus control.
Reverse cholesterol transport to the liver and its elimination via the biliary pathway represents an important path for cholesterol elimination. We therefore tested whether TSK-mediated reduction in HDL cholesterol and cholesterol efflux translated into changes in cholesterol conversion to BAs in the liver. As shown in Figure 6F , TSK reduced the expression of Cyp7a1 and Cyp8b1, two rate-limiting enzymes regulating BA synthesis in hepatocytes. This effect was more pronounced at 28 days after injection. Consistent with these findings, targeted metabolomics analyses revealed a significant reduction in several BA species in the liver of AAV8-TSK mice chronically exposed to TSK ( Figure 6G and Supplemental Figure 6J ). BA profiling in the blood showed a very similar pattern, thus confirming the reduction in BA synthesis ( Figure 6H and Supplemental Figure 6K) . Also, AAV8-TSK mice showed a decrease in circulating levels of 7-α-hydroxy-4-cholesten-3-one (7aC4), a well-established marker of hepatic BAs synthesis (Supplemental Figure 6L) . These findings show that the effect of TSK on circulating HDL levels and cholesterol efflux are associated with a coinciding decrease in cholesterol conversion to BAs in the liver. Collectively, our findings support a model in which TSK impacts several metabolic processes to regulate cholesterol homeostasis.
Discussion
Here, we report the identification of TSK as a hepatokine expressed and released in response to NAFLD and liver damage in mice and humans. Gain-and loss-of-function studies revealed that TSK impacts cholesterol homeostasis. We report that TSK lowers circulating HDL cholesterol, an effect linked to lower cholesterol efflux capacity and reduced cholesterol-to-BA conversion in the liver. Our data identify the hepatokine TSK as a blood biomarker of liver stress that could link NAFLD to the development of atherogenic dyslipidemia and atherosclerosis.
Inflammation and ER stress play crucial roles in promoting Tsk expression and release by the liver. Our observations indicate that these metabolic stresses, often present in the liver of obese patients (45, 46) , could act in concert to trigger the transcription and release of TSK. Here, we found that proinflammatory cytokines (TNF-α, IL-1β, and IFN-γ) act additively to promote Tsk transcription in hepatocytes. We also observed that ER stress drives Tsk transcription downstream of IRE1A and PERK, two major effectors of the UPR. The precise identity of the transcription factors that activate Tsk transcription remains to be determined. It is relevant to point out that the relationship between hepatic Tsk transcription and TSK protein release in the blood is not linear. For instance, the rise in circulating TSK levels induced by various hepatic stresses was often very robust, even in the face of modest increases in Tsk mRNA expression. This indicates that the elevation in circulating TSK likely involves other points of control, beyond the rise in Tsk transcription. It is possible that hepatic stress could activate Tsk translation, promote its secretion efficiency, and/or increase its half-life in circulation. Additionally, we cannot exclude the possibility that TSK could, as with other members of the SLRP family, accumulate in the extracellular matrix and be released in response to stress (34, 52) . This mode of action could ensure a fast liberation of TSK to maximize its effects in response to liver injuries. Additional studies are needed to address all these potential mechanisms underlying TSK release in NAFLD.
NAFLD is associated with insulin resistance and atherosclerosis and predicts cardiovascular events in humans (53) (54) (55) (56) (57) (58) . Atherogenic alterations in lipoprotein subclasses are found in NAFLD, including increased small and dense LDL particles, low HDL cholesterol, low ApoA1, and elevated triglycerides (59) (60) (61) (62) . Alterations in circulating HDL subfractions have also been detected in patients with NAFLD (60) . In line with these findings, reduced cholesterol efflux capacity was detected in plasma from humans with NAFLD (59, 63) . Such reduction in cholesterol efflux was proposed as a possible mechanism linking NAFLD to cardiovascular diseases (59, 63) . How exactly NAFLD affects HDLs to reduce reverse cholesterol transport and promote cardiovascular risk is still elusive. Here, we provide evidence that the hepatokine TSK, which is actively secreted in response to NAFLD, controls HDL-cholesterol levels, cholesterol efflux, and BA synthesis in mice. Our observations are in line with other reports showing that inflammation, a condition that increases TSK, also impairs reverse cholesterol transport and BA production in both mice and humans (64) . Collectively, our findings suggest that TSK might be part of a biological response aimed at limiting reverse cholesterol transport to the liver when hepatocytes are exposed to stressful conditions. Although the initial rise in TSK may exert beneficial effects for stressed hepatocytes by reducing cholesterol flux to the liver, its sustained elevation in obesity and NAFLD could potentially contribute to atherosclerosis by chronically limiting reverse cholesterol transport.
How TSK controls cholesterol homeostasis is an important question. Here, we show that hepatic TSK acutely modulates gene expression in the liver, indicating that TSK acts at least via an autocrine and/or paracrine mechanism. This supports previous literature showing that TSK is an extracellular protein that can locally affect the activity of several signaling pathways (51) . Studies in chick and Xenopus showed that TSK controls BMP, Wnt, FGF, and TGF-β signaling during development and organogenesis by interacting with various soluble factors and receptors (51) . The impact of TSK on these signaling cascades in adult tissues has never been investigated to our knowledge. We did not observe effects of TSK on the expression or phosphorylation levels of effectors of these signaling cascades (data not shown). Nevertheless, owing to the pleiotropic nature of TSK, other signaling nodes could likely be targeted by this hepatokine. Also, we cannot exclude the possibility that TSK could directly bind to a still unidentified membrane receptor or even interact with proteins in the plasma to modulate their functions.
Our data are consistent with the very recent identification of TSK as a new hepatokine (43, 65) . However, our findings differ from that of Xiong et al. who showed that TSK deletion protects mice against NASH pathologies (65) . In this report, the authors found that TSK-null mice exhibit lower liver triglycerides, inflammation, and fibrosis versus wild-type littermates (65) . Here, neither the loss nor the overexpression of TSK had any effect on NAFLD development and progression. Several factors could have contributed to such phenotypical discordance. The most important difference between our respective reports is related to the use of different protocols to induce NAFLD. Xiong et al. used a special diet containing fructose, fat, and cholesterol for 6 months (65), a regimen known to promote a high degree of liver damage in mice. In contrast, we have tested the impact of TSK loss in HFD-fed mice, ob/ob mice, and MCD diet-fed mice. Although all these conditions promote NAFLD, the intensity of steatosis, inflammation, and fibrosis was probably lower in these models (66) . It is possible that the beneficial effect linked to TSK loss could be apparent only in conditions of extreme liver defects. Another possible factor that could have contributed to the different outcomes of our respective reports relates to the obesity susceptibility between the TSK mouse lines used. Here, we found no effect of TSK loss on diet-induced obesity, whereas Xiong et al. showed that TSK deletion prevents obesity (43, 65) . Owing to the central role of obesity in promoting NAFLD (9, 10) , the improvement in liver pathology observed by Xiong et al. could likely be an indirect consequence of reduced body weight in these mice (43, 65) . The exact reason why our respective TSK-null mouse models showed a different sensitivity to weight gain is unknown. Differences in the genetic background may have contributed to these differences. Indeed, the TSK-KO models used by our respective teams were generated by 2 independent groups that used embryonic stem cells originating from different mouse strains (67, 68) . Although both KO mice were backcrossed to C57BL/6J for several generations, differences in the genetic background likely persisted between the models, which could have been sufficient to alter the response to TSK loss. The contribution of genetic background to obesity susceptibility and obesity-related metabolic disturbances is well established (69) (70) (71) . Alternatively, it is possible that variations in housing conditions and gut microbiota may also have affected the biological outcomes of each report (72) . Additional studies are needed to resolve these issues.
Here, we provide evidence that TSK is a hepatokine whose expression and circulating levels are induced in response to NAFLD and liver damage not only in mice but also in humans. In a human cohort, we found that TSK expression was significantly higher in patients with elevated hepatic triglyceride content. Unfortunately, circulating TSK remained under the detection limit in these samples. To demonstrate that TSK can be detected in human plasma in response to severe hepatic stress, we took advantage of samples collected from patients suffering from acetaminophen-induced ALF. In this cohort, we found that TSK levels were significantly lower in ALF patients who survived without liver transplant than those that either died or required emergency transplantation. These results suggest that TSK may potentially be used as a biomarker to discriminate between patients with adequate remaining liver parenchyma that may recover from ALF from those that may not. Our findings thus indicate that plasma TSK may have prognostic significance in these patients. Additional studies with a larger population are needed to confirm this possibility.
In conclusion, we report the identification of TSK as a hepatokine produced by the liver in response to NAFLD. We provide evidence that TSK affects cholesterol homeostasis by modulating circulating HDL cholesterol, reverse cholesterol transport, and BA synthesis in the liver. Collectively, our observations indicate that TSK could represent a new biomarker of liver stress linking NAFLD to atherogenic dyslipidemia and atherosclerosis. Additional studies are needed to define the role of TSK in regulating cholesterol metabolism and atherosclerosis development in humans.
Methods
Animal care. All mice were on a C57BL/6J background. Wild-type C57BL/6J (stock number 000664), obese (ob/ob; stock number 000632 and db/db; stock number 000697), and LDLR-KO mice (stock number 002207) were purchased from the Jackson Laboratory. Male mice were used in all the studies. Mice were maintained on a 12-hour light/12-hour dark cycle (lights on 0600-1800 hours) while individually housed in ventilated cages at an ambient temperature of 23.1°C. Unless stated, all mice were fed ad libitum chow. The low-fat diet (LFD) (10% kcal from fat, D12450B) and HFD (60% kcal from fat, D12492) were purchased from Research Diets. The control diet (A02082003B) and MCD (A02082002B) diet were also purchased from Research Diets.
Generation of Tsk-KO mice. Tsk-KO mice were obtained from Genentech/Lexicon and were generated by homologous recombination, as described previously (68) . The Tsk wild-type allele was amplified using the following primers: forward 5′-GACATCAATCTGAGCCATAAC-3′, reverse 5′-ATGAAGGCATCTG-GGTTGATG-3′. The integration of the Neo cassette in the mutant Tsk allele was measured using the following primers: forward 5′-GTAGACTCTCCACAGGCATTGG-3′, reverse 5′-GCAGCGCATCGCCTTC-TATC-3′. Mice were backcrossed for 6 generations onto C57BL/6J before being used experimentally. All the experiments were performed using age-matched littermates produced from breeding Tsk heterozygous mice.
Overexpression of TSK in mice. The AAV plasmid used to overexpress TSK contains an expression cassette consisting of the CMV enhancer and CBA promoter, WPRE, and SV40 polyA flanked by AAV8 inverted terminal repeats. The Tsk gene was inserted into the multiple cloning sites between the CBA promoter and WPRE sequence. AAV vectors were packaged by the Canadian Neurophotonics Platform (Centre de recherche CER-VO, Québec, Canada). Briefly, viral particles were generated from a triple transfection of HEK 293T/17 cells (ATCC, CRL-11268) and collected from the culture media 5 days after transfection. They were concentrated using a tangential flow filtration setup (Vivaflow 50R 100-kDa MWCO, Sartorius) and then purified by iodixanol gradient and ultracentrifugation. Purified particles were collected in suspension buffer (PBS containing 320 mM NaCl, 5% D-sorbitol, and 0.001% Pluronic F-68) and titrated by qPCR (TaqMan) using ITR-based probe and primers. Physical titer and purity were confirmed by separating identical volumes of AAV in 10% SDS-PAGE (stain free, Bio-Rad) in Tris-glycine-SDS buffer. Male C57BL/6J mice (10 weeks old) or LDLR-KO mice were injected with 100 μL of AAV8-GFP or AAV8-TSK via the tail vein (1 × 10 11 plaque-forming units/mouse). The animals were sacrificed at the times indicated in the figure legends following the injection.
Human liver samples. Liver samples were collected from nonsmoking, obese men undergoing bariatric surgery (biliopancreatic diversion with duodenal switch). All participants provided written, informed consent. Triglycerides were extracted from the samples and the patients were distributed into 2 groups based on their median triglyceride content. RNA was extracted from the same samples and TSK expression was measured by qPCR.
Serum samples from ALF patients. Samples were collected along with corresponding clinical information from patients with ALF. Inclusion criteria were the following: for the purposes of this study, ALF was defined as an internationalized ratio (INR) ≥ 1.5 and hepatic encephalopathy (HE) within the first 26 weeks of liver disease in a patient with an acute hepatic insult (73) . The etiology of ALF for all patients in this analysis was acetaminophen toxicity (APAP-ALF). HE grade was defined by the West Haven Criteria (simplified) as follows: grade 1, any alteration in mentation; grade 2, somnolent or obtunded but easily rousable or presence of asterixis; grade 3, rousable with difficulty; and grade 4, unresponsive to deep pain (74) and age ≥ 18 years. The exclusion criterion was cirrhosis/acute-on chronic liver failure. Serum samples were collected from 26 patients upon admission to the intensive care unit (early; day 1) and after admission (between day 3 to 9) when available. Clinical, biochemical, and outcome data were collected prospectively and were analyzed for the 26 patients included in this study. Data assessed included demographic (age, race, sex), comorbidities, biochemistry at the time of sample collection (complete blood count, creatinine, transaminases, phosphate, INR, bilirubin, lactate), hepatic coma grade, and requirement for organ support (mechanical ventilation, vasopressors, and renal replacement therapy). TSK levels were measured in plasma samples by Western blotting. Recombinant TSK (R&D Systems, 3940-TS-050) was used as an internal standard to quantify plasma TSK levels.
Cell culture. AML12 cells (ATCC, CRL-2254) were cultured in a 1:1 mixture of DMEM and Ham's F12 medium with 0.005 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium, 40 ng/mL dexamethasone, and 10% FBS. To measure the secretion of TSK, HEK 293T (ATCC, CRL-3216) cells overexpressing TSK were plated 1 day before the experiment. To study the role of the UPR in the regulation of Tsk expression, AML12 cells were cultured as described above. Cells were pretreated with either 100 μM 4u8C (Cayman Chemical) or 1 μM GSK2606414 (Cayman Chemical) prior to being exposed to tunicamycin (1 μg/mL) for 8 hours. The following day, cells were washed with PBS and the medium was replaced with fresh DMEM containing 10% FBS (1 mL/well). Supernatant and protein lysates were collected at 0, 6, 12, 24, and 48 hours for Western blot analyses. Supernatant was centrifuged for 5 minutes to remove cell debris.
Virus preparation and cell infection. Mouse TSK and Δ-TSK were subcloned into MSCV (gift from Lin He, Addgene plasmid 24828). Viruses were produced using gag/pol and CMV VSV-G as the packaging system. Cells were infected for 24 hours in the presence of 8 μg/mL polybrene. After infection, the cells were dispersed into fresh medium. Cells were selected on subsequent days with 1 μg/mL puromycin.
Quantitative real-time PCR. Total mRNA was isolated from tissues using the RNeasy Lipid Tissue Mini Kit (Qiagen, 74104). Total mRNA was isolated from cells using the E.Z.N.A. Total RNA Kit I (Omega Biotek, R6834-02). The RNA concentrations were estimated from the absorbance at 260 nm. cDNA synthesis was performed using the iScript Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad) as described previously (75) . mRNA extraction and cDNA synthesis were performed following the manufacturer's instructions. cDNA was diluted in DNase-free water (1:15) before quantification by real-time PCR. mRNA transcript levels were measured in duplicate samples using the CFX96 or CFX384 Touch Real-Time PCR system (Bio-Rad). Chemical detection of the PCR products was achieved with SYBR Green (Bio-Rad, 172-5271) as previously described (75) . Gene expression was normalized to the expression level of reference genes (18S, Actb, Arbp, and Gapdh).
Triglyceride extraction and measurement. Lipids were extracted from tissues as described by Folch et al. (76) . The extracted triglycerides were suspended in isopropanol and quantified using a commercial assay kit (Thermo Fisher Scientific, TR22421).
Cholesterol efflux. Cholesterol efflux assay was performed as previously described (77) . Briefly, J774A.1 macrophages (ATCC, TIB-67) were grown to 70%-75% confluence in 48-well plates. Cells were then loaded with 3 H-cholesterol for 18 hours (0.5 μCi per well; PerkinElmer) in DMEM containing 1% FBS. On the next day, cells were washed with warm PBS and exposed to PEG-treated mouse serum (2% v/v final) for 4 hours. Percentage of cholesterol efflux was then calculated as the ratio supernatant/(supernatant + lysate).
Glycogen extraction and measurement. Glycogen was measured in liver samples as described previously (78) . Plasma metabolite measurement. Blood was collected using syringes conditioned with EDTA. Plasma was stored at -80°C for further biochemical analyses. Plasma metabolites were measured using the following commercial kits: insulin (EMD Millipore, SRI-13K), triglycerides (Thermo Fisher Scientific, TR22421), and NEFAs (Wako, 999-34691, 995-34791, 991-34891, 993-35191, and 276-76491). Cholesterol was measured using a commercial assay kit (Randox laboratories, CH200) according to the manufacturer's instructions. Plasma samples were depleted of LDLs and VLDLs using a PEG solution. Briefly, plasma was incubated with a 20% PEG6000 solution (20% [w/v] in 200 mM glycine/H 2 O, pH 7.4) at a 5:2 ratio on ice for 20 minutes. The mix was centrifuged 30 minutes at 11,000 g at 4°C. The supernatant was used to measure HDL cholesterol with the same commercial assay kit used for total cholesterol. Circulating glucose levels were measured from tail blood using an instant glucometer (Roche, Accu-Chek Performa). Mouse Apoa1 was measured using an ELISA kit (Abcam, ab238260).
Western blotting. All cells were rinsed twice with ice-cold PBS before lysis. Cells were lysed with Triton X-100-containing lysis buffer (50 mM HEPES, pH 7.4, 2 mM EDTA, 10 mM sodium pyrophosphate, 10 mM sodium glycerophosphate, 40 mM NaCl, 50 mM NaF, 2 mM sodium orthovanadate, 1% Triton X-100, and 1 tablet of EDTA-free protease inhibitors per 25 mL). Tissues were homogenized with the same buffer supplemented with 0.1% sodium lauryl sulfate and 1% sodium deoxycholate. Cells and tissues were rotated at 4°C for 10 minutes and then the soluble fractions of cell lysates were isolated by centrifugation for 10 minutes in a microcentrifuge. Protein levels were then quantified using Bradford reagents and analyzed by Western blotting. Samples were resolved in 10% Tris-glycine precast gels (Life Technologies). Proteins were transferred to PVDF membranes blocked in 5% milk diluted in PBS-Tween and incubated with primary antibody overnight at 4°C. The following antibodies were used: anti-GRP78 (C50B12, Cell Signaling Technology, dilution 1:1000); anti-AKT (pan) (C67E7, Cell Signaling Technology, dilution 1:1000); anti-β-actin (4967, Cell Signaling Technology, dilution 1:1000); anti-phospho-PKA substrate (RRXS*/T*) (100G7E) (9624S); anti-tyrosine hydroxylase (NB300-109, Novus, dilution 1:1000), and anti-TSK (Immune Bio Solutions; see below). Secondary antibodies were purchased from Cell Signaling Technology (7076S and 7074S) and Immune Biosolutions (Y00008-HRP) and diluted 1:5000. Amersham ECL Western Blotting Detection Reagent (RPN2106) was used to image the blots.
